Abstract In the last decade, the progress of surface metrology has led to improved 3D characterisation of surfaces, offering the possibility of monitoring manufacturing operations and providing highly detailed information regarding the machine tool condition. This paper presents a case study where areal surface characterisation is used to monitor tool wear in peripheral milling. Due to the fact that tool wear has a direct effect on the machined workpiece surface, the machined surface topography contains much information concerning the machining conditions, including the tool wear state. By analysing the often subtle changes in the surface topography, one can highlight the tool wear state. This paper utilises areal surface characterization, areal auto-correlation function (AACF) and pattern analysis to illustrate the effect of tool wear on the workpiece surface. The result shows the following: (1) tool wear, previously difficult to detect, will influence almost all of the areal surface parameters; (2) the pattern features of AACF spectrum can reflect the subtle surface texture variation with increasing tool wear. The authors consider that, combined analysis of the surface roughness and its AACF spectrum are a good choice for monitoring the tool wear state especially with the latest developments in on-machine surface metrology.
Introduction
With increasing demand for higher productivity and quality, there has been increased interest in monitoring all aspects of the machining process. As tool wear directly affects the precision and surface finish of the product, it is important to monitor the state of the cutting tool if precision is to be maintained over time [1] .
Metal cutting is achieved through shear mechanisms and the relative motion between the workpiece and the cutting tool. As a result of the cutting motion, the surface of workpiece will be influenced by cutting conditions (cutting parameters, cutting force, and cutting tool state), and the surface topography of the workpiece will include much information pertaining to the cutting process [2] [3] [4] [5] . Thus, by monitoring the machined surface topography of the workpiece and extracting the relevant information the cutting process and tool wear state should be able to be monitored and quantified. This paper proposes a surface metrologybased tool wear monitoring methodology through analysing the change of the surface topography features during tool wear. The work forms part of a large study where surface metrology is being used to measure all aspects of the machining in combination with an on-line metrology tool. information (2D) from the cutting process and will be limited in its ability to monitor development of tool wear for example.
Recent advanced techniques have taken place in the ability to measure and characterise areal surface topography [6] [7] [8] [9] [10] [11] . A set of areal surface roughness parameters have been defined and as shown in Fig. 1 . The areal surface texture parameters not only describe the statistical amplitude properties, but also reflect texture distribution properties. As discussed earlier, tool wear will influence both the surface roughness and the texture distribution. In this paper, the use of areal surface texture parameters to characterise the machined surfaces of workpieces in order to evaluate the tool wear is outlined. Clearly not all of the areal parameters will reflect the tool wear state significantly, and the aim here is to define a subset of parameters for the purpose of tool wear monitoring.
Areal autocorrelation function (AACF)
The autocorrelation function is a very useful tool for processing random signals. It describes the general dependence of the topographical values at one position on the topographical values at another position. For areal surface evaluation, it can not only describe the spatial relation dependences of the surface topography, but also describe the direction and periodicity of the surface texture [6, 7] .
From the authors previous research, the AACF has been used to describe different machining methods as each has very different surface textures patterns and consequently very different patterns for their AACF spectra. Furthermore, the AACF spectra can reflect the texture periodicity and directionality more clearly than visualisation of a surface topography map. The authors have previously used the AACF to monitor the development of chatter in peripheral milling. It was observed that with different degrees of chatter the surface texture on the workpiece showed which were more apparent than simple visualisation. AACF analysis of machined surface has the capability to reflect the information of the machining state more clearly than observing the raw data. Consequently in this paper the pattern features of the AACF spectrum of machined surface are used to monitor the tool wear state.
Simulated tool wear experiment
Under normal conditions, tool wear develops over a period of time. In the present study, however, tool wear has been "induced" by using a diamond lap to manually wear the tool edge and hence control the amount of tool wear. The procedure in detail is as Fig. 2 .
To eliminate the influence of random factors and to enhance comparability, eight groups of cutting conditions as shown in Table 1 were selected (all the parameters selected according to the recommendation of the tool's manufacturer). In the table, nomenclature of the machined workpieces is as follows: "TWnC", "TW" represents "tool wear", the number "n" represents the tool wear amount of each group of tests, n is 1,2,3,4, and 1 represents the new tool, the first wear, the second wear and the third wear level; the last character represents the different combination of the cutting parameters in each group of cutting tests, from A to H. The material of the workpiece is EN8 with hardness 243Hv. The peripheral milling cutter is an SSM2200 (radius 20 mm, two teeth and 30°helix). For each cut the same position on the cutter was used, a Talysurf PGI was used to measure the tool wear amount, and for each tooth four positions at 10 mm intervals from the tip were selected for measurement. All machining was carried out on a Cincinnati Arrow2-500 machine centre.
To measure the machined surface a Talysurf PGI was used, the evaluation area was 6*10 mm 2 , with a sample spacing of 10 μm, polynomial fitting was applied to 
